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Edited by Felix WielandAbstract HERC1 is a giant multidomain protein involved in
membrane traﬃcking through its interaction with vesicle coat
proteins such as clathrin and ARF. Previously, it has been shown
that the RCC1-like domain 1 (RLD1) of HERC1 stimulates
guanine nucleotide dissociation on ARF1 and Rab proteins. In
this study, we have analyzed whether HERC1 may also regulate
ARF6 activity. We show that HERC1, through its RLD1, stim-
ulates GDP release from ARF6 but, unexpectedly, it inhibits
GDP/GTP exchange on ARF6 under conditions where ARNO
stimulates it. Furthermore, we demonstrate that the activity of
HERC1 as a guanine nucleotide release factor requires the pres-
ence of PI(4,5)P2 bound to HERC1s RLD1. In agreement with
this, we ﬁnd that puriﬁed HERC1 contains PI(4,5)P2 bound to
the RLD1.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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PI(4,5)P21. Introduction
ADP-ribosylation factors (ARFs) are small Ras-related
GTP-binding proteins involved in the regulation of membrane
traﬃc and actin polymerization. Like other GTPases, ARF
proteins act as molecular switches that cycle between an inac-
tive GDP-bound state and an active GTP-bound state.
Depending on their nucleotide status, ARF proteins interact
with several classes of proteins. In their GDP-bound form they
bind to guanine nucleotide exchange factors (GEFs) which
promote the exchange of GDP by GTP, thus favouring the
transition towards the active state. In their GTP-bound con-
formation they associate with GTPase-activating proteins
(GAPs) that catalyze GTP hydrolysis, which leads to the inac-
tivation of the GTPase. The active form also interacts withAbbreviations: PI(3)P, phosphatidylinositol-3-monophosphate; PI(4)P,
phosphatidylinositol-4-monophosphate; PI(4,5)P2, phosphatidylinosi-
tol-4,5-bisphosphate; GEF, guanine nucleotide exchange factor; RLD,
RCC1-like domain; RCC1, regulator of chromosome condensation 1;
ARF, ADP-ribosylation factor; His, hexahistidine tag; GRF, guanine
nucleotide release factor
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doi:10.1016/j.febslet.2004.11.095eﬀectors such as vesicle coat proteins and lipid-modifying en-
zymes, which are the mediators of ARFs physiological func-
tions. Sequence analysis has identiﬁed six ARF family
members, of which ARF1 and ARF6 have been the most
extensively studied. ARF1 regulates secretory traﬃcking
across Golgi membranes through interaction with vesicle coat
proteins, whereas ARF6 regulates both endocytic membrane
traﬃc and the cortical actin cytoskeleton. Both ARF proteins,
in their GTP-bound conformation, activate phospholipid-
modifying enzymes such as phosphatidylinositol-4-phosphate
5-kinase and phospholipase D, leading to phosphatidylinosi-
tol-4,5-bisphosphate (PI(4,5)P2) and phosphatidic acid pro-
duction, respectively [1–7].
HERC family proteins have a domain homologous to E6-
associated protein carboxy-terminus (HECT domain) and
one or more domains with homology to the regulator of chro-
mosome condensation (RCC1) [8–19]. Proteins containing
HECT domains function as a subtype of E3 ubiquitin ligases.
These enzymes participate in protein ubiquitination through
the transfer of ubiquitin from E2 ubiquitin conjugating en-
zymes to speciﬁc substrate proteins. This covalent modiﬁcation
serves as a signal to regulate diﬀerent cellular processes such as
proteasome-mediated proteolysis or receptor endocytosis
[20,21]. On the other hand, RCC1 is an enzyme which cata-
lyzes guanine nucleotide exchange on Ran, a small GTPase
of the Ras superfamily. Through this activity, RCC1 is in-
volved in the regulation of important cellular processes such
as nucleocytoplasmic transport and mitotic spindle formation
[22]. Thus, the presence of HECT and RCC1-like domains
(RLDs) in HERC proteins suggests that they may function
as both E3 ubiquitin ligases and GEFs. Up to now, six HERC
family members have been identiﬁed. Sequence analysis makes
it possible to classify them into two groups: the large and the
small HERCs. The former, including HERC1 and HERC2,
are giant proteins containing close to 5000 amino acid residues
and more than one RLD in addition to the HECT [8–14],
whereas the latter (HERC3-HERC6) have little more than
1000 amino acid residues and only one RLD and the HECT
domain [15–19]. Although not much is known about the cellu-
lar functions of all these proteins, their molecular characteriza-
tion so far points to a role in intracellular traﬃcking. To date,
the giant HERC1 protein has been the most studied family
member [8–12]. This protein seems to be ubiquitously ex-
pressed and it is found overexpressed in tumor cell lines.
HERC1 contains multiple domains including two RLDs
(RLD1 and RLD2) and a HECT domain at the carboxy termi-
nus. HERC1s RLDs seem to have diﬀerent molecular func-
tions. Thus, while RLD1 stimulates guanine nucleotideblished by Elsevier B.V. All rights reserved.
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GTPases, RLD2 interacts with ARF1 and forms a ternary
complex with clathrin and the chaperone Hsp70. The HECT
domain of HERC1 is known to bind ubiquitin through a thi-
oester linkage. HERC1s ability to act as an E3 ubiquitin li-
gase, together with its interaction with proteins involved in
vesicular transport and its subcellular distribution between
cytosol, Golgi and vesicular-like membranes suggest a role
for HERC1 in ubiquitin-dependent intracellular membrane
traﬃc.
Recently, we have reported that HERC1 is recruited onto
actin-rich surface protrusions formed in HeLa cells upon
ARF6 activation by aluminum ﬂuoride treatment [12].
Although HERC1 was shown to colocalize with ARF6, these
studies appeared to indicate that HERC1 acts downstream
of ARF6 in this context. To study this point in greater detail,
we have puriﬁed ARF6 and analyzed whether HERC1 and its
RLD1 may stimulate guanine nucleotide release from this
GTPase similar to what has previously been described for
ARF1 [8]. In this paper, we show that HERC1 stimulates
guanine nucleotide dissociation from ARF proteins but, unex-
pectedly, inhibits guanine nucleotide exchange. Furthermore,
we demonstrate that this eﬀect requires the presence of
PI(4,5)P2 bound to the RLD1 domain of HERC1.2. Materials and methods
2.1. Reagents and antibodies
Water soluble L-a-phosphatidylinositol-3-monophosphate, L-a-
phosphatidylinositol-4-monophosphate and L-a-phosphatidylinositol-
4,5-bisphosphate were from Sigma–Aldrich. Mouse monoclonal
antibodies against Flag (clone M2), PI(3)P, PI(4)P and PI(4,5)P2 were
from Sigma–Aldrich, Echelon Biosciences and Assay Designs (the last
two), respectively. Monoclonal antibodies against ARF (clone 1D9)
[23] and PI(4,5)P2 (clone 2C11) were kindly provided by Dr. Richard
Kahn and Dr. Gianpietro Schiavo, respectively. Aﬃnity puriﬁed rabbit
polyclonal antibodies against HERC1 (410) have already been de-
scribed elsewhere [8]. Goat anti-mouse or anti-rabbit F(ab 0)2 fragments
conjugated to horseradish peroxidase were purchased from Molecular
Probes. For immunoblot detection, ECL Plus Western Blotting detec-
tion system (Amersham Biosciences) was used. All other chemicals
were obtained from Sigma–Aldrich.Fig. 1. (A) Expression of ARF6-His with recombinant baculovirus. Diﬀeren
of infection, cells were harvested and pellets processed for protein separati
Proteins were stained with Coomassie blue (top). ARF6-His expression i
immunoblot with anti-ARF antibodies (bottom). (B) Puriﬁcation of ARF6-H
agarose beads as described in Section 2. 0.4 lg of puriﬁed protein were a
Coomassie blue. Puriﬁed protein is indicated with an arrow. Molecular weig
binding to ARF6-His. 1 lg of puriﬁed ARF6-His was incubated in the presen
was determined by ﬁlter assay as described under Section 2. Data are mean2.2. Protein puriﬁcation from bacteria and insect cells
Plasmid expressing GST-ARNO was kindly supplied by Dr. James
E. Casanova [24]. Plasmids encoding RLD1- and RLD2-Flag for bac-
terial expression have been described previously, as well as the expres-
sion and puriﬁcation of the respective proteins [12]. Sf9 insect cells
were maintained as previously described [12]. Recombinant baculovi-
ruses of RLD1-Flag, RLD2-Flag, ARF6-His and HERC1 have al-
ready been reported [8,15]. Baculovirus infection, protein expression
and puriﬁcation were performed essentially as described [8]. The purity
of these proteins is shown in Figs. 1B and 2A, D.
2.3. Guanine nucleotide binding assays
Guanine nucleotide binding assays were performed essentially as de-
scribed by Frank et al. [24]. Brieﬂy, for dissociation assays, in general 1
lg of puriﬁed ARF6-His was incubated at 30 C for 45 min in 100 ll of
50 mM HEPES–NaOH (or Tris–HCl) pH 7.5, 1 mM DTT, 2.5 lM
[3H]GDP, 5 mM MgCl2 and 1.5 mg/ml azolectin vesicles. After this,
100 lM GTP was added in the presence of 1 lg of RLD1 or RLD2
or of 10 ng of HERC1 or of 2 or 200 lM of water soluble phospho-
lipid. At the indicated times, aliquots of 10 ll were measured for radio-
activity using a ﬁlter assay [8]. For exchange assays, 1 lg of ARF6-His
was incubated at 30 C for 45 min in 100 ll of 50 mM HEPES–NaOH
(or Tris–HCl) pH 7.5, 1 mMDTT, 0.5 lMGDP, 5 mMMgCl2 and 1.5
mg/ml azolectin vesicles. Nucleotide exchange was initiated by adding
1 lM [35S]GTPcS in the presence of 1 lg of GST-ARNO or 10 ng of
HERC1. At the indicated times, aliquots of 10 ll were measured for
radioactivity using a ﬁlter assay [8].
2.4. Slot-blot assays
40 ng/slot of puriﬁed RLD1-Flag or RLD2-Flag and 4 ng/slot of
HERC1 were loaded in a Bio-Rad slot-blotting unit following manu-
facturers instructions. Slots were blocked 60 min in blocking solution
(10 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween-20 and 3% BSA) at
room temperature. They were then incubated overnight at 4 C with
anti-Flag, anti-HERC1 or anti-phosphoinositide antibodies. Immuno-
blots were carried out as previously described [8].3. Results
3.1. Puriﬁcation of ARF6-His and guanine nucleotide binding
In order to analyze whether HERC1s RLDs could stimulate
guanine nucleotide dissociation on ARF6 as it was previously
reported for ARF1 and Rab proteins, we have used a recom-
binant baculovirus that expresses ARF6-His in insect Sf9 cells
[15]. ARF6-His expression was veriﬁed by SDS–PAGE fol-t amounts of baculovirus were used to infect Sf9 insect cells. After 60 h
on by a 12% SDS/PAGE gel. Protein markers are shown on the left.
s indicated with an arrow. ARF6-His expression was conﬁrmed by
is. ARF6-His expressed in insect cells was puriﬁed with Nickel-NTA
nalyzed by SDS–PAGE in a 15% gel and proteins were stained with
ht markers are also shown (right lane). (C) Time course of [35S]GTPcS
ce of 4 lM [35S]GTPcS and, at the indicated times, bound [35S]GTPcS
s ± S.E. from triplicate assays.
Fig. 2. (A) Puriﬁcation of RLD1 and RLD2 proteins. His-RLD1-Flag and His-RLD2-Flag proteins were expressed in insect cells and puriﬁed with
Nickel-NTA agarose beads as described in Section 2. 1 lg of each puriﬁcation was analyzed by SDS–PAGE in a 10% gel and proteins were visualized
by Coomassie blue staining. Molecular weight markers are also shown (left lane). (B) Dissociation of GDP from ARF6-His by RLD1. 1 lg of ARF6-
His was loaded with 2.5 lM [3H]GDP for 45 min at 30 C. [3H]GDP-dissociation was initiated by adding 100 lMGTP in the absence (buﬀer, white
squares) or presence of 1 lg of RLD1 (black circles) or RLD2 (white circles) for the indicated times and analyzed as described under Section 2.
(C) GDP dissociation from ARF6-His is dependent on RLD1 concentration. ARF6-His was loaded with [3H]GDP as above. [3H]GDP-dissociation
was initiated by adding 100 lM GTP in the presence of diﬀerent amounts of RLD1. At 20 min, [3H]GDP-bound was determined by ﬁlter assay as
described in Section 2. (D) Puriﬁcation of HERC1. His-HERC1 (532 kDa) expressed in insect cells was puriﬁed with Nickel-NTA agarose beads as
described in Section 2. 0.1 lg of puriﬁed protein were analyzed by SDS–PAGE in a 5% gel (acrylamide:bisacrylamide ratio 80:1) stained with
Coomassie blue (left panel). Puriﬁed protein is indicated with a double-headed arrow. Molecular weight markers are also shown (left lane). An
immunoblot with anti-HERC1 antibodies is also shown (right panel). (E) Dissociation of GDP from ARF6-His by HERC1. 1 lg of ARF6-His was
loaded with 2.5 lM [3H]GDP for 45 min at 30 C. [3H]GDP-dissociation was initiated by adding 100 lMGTP in the absence (buﬀer, white squares)
or presence of 10 ng of HERC1 (black circles) for the indicated times and analyzed as described under Section 2. (F) ARNO stimulates guanine
nucleotide exchange on ARF6-His but HERC1 does not. 1 lg of ARF6-His was loaded with 0.5 lMGDP for 45 min at 30 C. Nucleotide exchange
was initiated by adding 1 lM [35S]GTPcS in the absence (buﬀer, white circles) or presence of 1 lg of GST-ARNO (black circles) or 10 ng of HERC1
(white squares) or both (black squares) for the indicated times and analyzed as described under Section 2. Data are means ± S.E. from triplicate
assays.
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by immunoblot with monoclonal anti-ARF antibodies (Fig
1A, bottom). ARF6-His was puriﬁed using Ni2+-NTA agarose
beads and its purity was analyzed by SDS–PAGE and Coo-
massie staining (Fig. 1B). To assess the functionality of puri-
ﬁed ARF6-His, the GTPase was loaded with [35S]GTPcS. In
Fig. 1C, a time-dependent [35S]GTPcS incorporation on
ARF6-His is shown.
3.2. RLD1 and HERC1 stimulate guanine nucleotide
dissociation on ARF6-His
Puriﬁed GTPase was loaded with [3H]GDP for 45 min.
[3H]GDP-ARF6-His was then incubated with GTP in the ab-
sence or presence of RLD1 or RLD2 for the indicated times.
As shown in Fig. 2B and C, RLD1, but not RLD2, stimulated
the dissociation of [3H]GDP bound to ARF6-His in a time-
and dose-dependent manner. These results are similar to those
we had found with ARF1 and Rab proteins [8]. To determine
if the full-length HERC1 protein may also stimulate this disso-
ciation, puriﬁed HERC1 was incubated with [3H]GDP-ARF6-
His. A fast release of bound [3H]GDP was observed in thepresence of HERC1 (Fig. 2E). Similar results were also found
when HERC1 was incubated with ARF6-His loaded with
[35S]GTPcS or when puriﬁed ARF1 or Rab5 were used as
GTPases (data not shown).
3.3. HERC1 inhibits guanine nucleotide exchange on ARF6-His
The above results indicate that HERC1, through its RLD1
domain, stimulates guanine nucleotide dissociation on ARF
proteins. In order to analyze whether HERC1 also stimulates
guanine nucleotide exchange on these proteins, we loaded
ARF6-His with GDP for 45 min and, after this time,
[35S]GTPcS was added in the presence or absence of HERC1.
As positive control of these experiments, we used puriﬁed
GST-ARNO, which has previously been shown to catalyze
guanine nucleotide exchange on ARF proteins in these assays
[24,25]. As expected, the presence of GST-ARNO stimulated
the exchange of bound GDP by [35S]GTPcS on ARF6-His
(Fig. 2F). Surprisingly, however, the presence of HERC1 not
only did not stimulate exchange, but it also caused a clear inhi-
bition of [35S]GTPcS uptake by ARF6-His. This eﬀect was not
reversed by the presence of GST-ARNO (Fig. 2F).
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phosphatidylinositol 4,5-bisphosphate
We have recently reported that the RLD1 domain of
HERC1 has aﬃnity for phosphoinositides [12]. In this regard,
we showed that PI(4,5)P2-containing liposomes pull down
puriﬁed RLD1. Moreover, it has also been reported that
PI(4,5)P2 stimulates the dissociation of guanine nucleotide on
ARF- and Rho-family proteins [26,27]. With these data in
mind, we thought that the stimulation of guanine nucleotide
dissociation on ARF proteins by RLD1 and HERC1 might
be due to the fact that HERC1, through its RLD1 domain,
binds PI(4,5)P2. To test this hypothesis, we incubated slot blots
of these puriﬁed proteins with commercial antibodies against
PI(3)P, PI(4)P and PI(4,5)P2. As protein control, we used
RLD2 tagged with a Flag epitope. As can be observed in
Fig. 3A, anti-PI(4,5)P2 antibodies displayed immunoreactivity
on RLD1 and HERC1 proteins but not on RLD2. These re-
sults were totally conﬁrmed with another monoclonal antibody
against PI(4,5)P2 (clone 2C11, data not shown). Anti-PIP anti-
bodies did not detect any phosphatidylinositol monophos-
phate bound to the puriﬁed proteins. This experiment seems
to indicate that puriﬁed RLD1 and HERC1 contain bound
PI(4,5)P2. To conﬁrm this observation and to exclude any
non-speciﬁc detection by anti-PI(4,5)P2 antibodies, we incu-
bated RLD1 in a boiling water-bath during 10 min in orderFig. 3. (A) Puriﬁed RLD1 and HERC1 contain PI(4,5)P2. 40 ng/slot of puriﬁ
were loaded in a slot-blot apparatus. Next, slots were incubated with antib
detection was as described under Section 2. (B) PI(4,5)P2 bound to RLD1 is re
10 min at room temperature or in a boiling water-bath. After this, 40 ng/slot
anti-PI(4,5)P2 or anti-Flag antibodies. (C) 0.5 lg of ARF6-His were loaded
initiated by adding 100 lM GTP in the absence (buﬀer, white squares) or
PI(4,5)P2 (black squares) for the indicated times and analyzed as described in
above in the absence (buﬀer) or presence of 2 lM PI(4,5)P2, 0.5 lg of ba
(previously incubated for 45 min at 30 C). After 5 min of incubation, boun
addition to inactive RLD1 from bacteria is enough to reconstitute the latter
assays.to strip the phospholipid oﬀ the protein. After this, the protein
was loaded on slots, ﬁltered and washed. Next the slot blots
were incubated with anti-Flag or anti-PI(4,5)P2 antibodies to
detect the Flag-tagged protein and its associated PI(4,5)P2,
respectively. As shown in Fig. 3B, this treatment removed
the PI(4,5)P2 bound to RLD1.
3.5. Bound PI(4,5)P2 is required for the GDP release activity
of HERC1 over ARF proteins
Finally, in order to show whether RLD1-associated
PI(4,5)P2 is responsible for the guanine nucleotide dissociation
activity on ARF proteins, we have followed several ap-
proaches. First, we have puriﬁed RLD1 from bacteria. Since
these cells cannot synthesize PI(4,5)P2 [28], puriﬁed RLD1
from bacteria does not contain this phospholipid. When the
dissociation activity of bacterially puriﬁed RLD1 was analyzed
on ARF6 and ARF1, we observed no stimulation of guanine
nucleotide dissociation (data not shown). Second, PI(3)P,
PI(4)P or PI(4,5)P2 (all at 200 lM) were incubated with
ARF6-His loaded with [3H]GDP. As shown in Fig. 3C,
PI(4,5)P2 speciﬁcally stimulated [
3H]GDP release from
ARF6-His. This result is in agreement with previous reports
that described a similar eﬀect on ARF1 and Cdc42 proteins
[26,27]. Finally, we carried out reconstitution experiments in
which inactive RLD1 from bacteria was mixed with tinyed RLD1-Flag or RLD2-Flag proteins and 4 ng/slot of HERC1 protein
odies against PI(3)P, PI(4)P, PI(4,5)P2, Flag-epitope and HERC1 and
moved by incubation at 100 C. Puriﬁed RLD1-Flag was incubated for
were loaded in a slot-blotting unit and analyzed by immnunoblot with
with 2.5 lM [3H]GDP for 45 min at 30 C. [3H]GDP-dissociation was
presence of 200 lM of PI(3)P (white circles), PI(4)P (black circles) or
Section 2. (D) [3H]GDP dissociation experiments were carried out as
cterially puriﬁed RLD1 (which does not contain PI(4,5)P2) or both
d [3H]GDP was determined by ﬁlter assay. As can be seen, PI(4,5)P2
s GRF activity for ARF6-His. Data are means ± S.E. from triplicate
F.R. Garcia-Gonzalo et al. / FEBS Letters 579 (2005) 343–348 347amounts of PI(4,5)P2 and the resulting mixture was analyzed
for [3H]GDP release activity on ARF6-His. As shown in Fig.
3D, while 2 lM PI(4,5)P2 did not induce an observable
[3H]GDP release from ARF6-His after 5 min of incubation,
addition of this same amount of PI(4,5)P2 to the inactive bac-
terial puriﬁcation of RLD1 yielded a fully active mixture, with
a dissociating activity comparable to that of RLD1 puriﬁed
from eukaryotic cells. Altogether, these results show that
PI(4,5)P2 bound to RLD1 is required for the guanine nucleo-
tide release activity of HERC1 over ARF6. Even though
PI(4,5)P2 alone already displays some release activity, the syn-
ergistical eﬀect seen between this phospholipid and RLD1 sug-
gests that PI(4,5)P2 is a cofactor for HERC1s activity as a
guanine nucleotide release factor (GRF).4. Discussion
In this study, we have analyzed whether HERC1 may regu-
late the activity of ARF6. We show that HERC1, through its
RLD1 domain, stimulates guanine nucleotide release from
ARF6 (Fig. 2A–E). These data are in agreement with what
we had described for ARF1 and Rab proteins [8]. Although
in our former report this dissociation activity was taken as evi-
dence that HERC1 was a GEF for these GTPases, our current
studies indicate that this is not the case. Indeed, guanine nucle-
otide exchange experiments have now clearly demonstrated
that not only does HERC1 not stimulate GDP/GTP exchange
on ARF6 as does ARNO, but it also inhibits this process rel-
ative to the uncatalyzed reaction. Moreover, this inhibition is
dominant over ARNOs stimulatory eﬀects (Fig. 2F). These re-
sults, therefore, indicate that HERC1 rather than being an
activator of ARF and Rab proteins as formerly thought is
actually an inhibitor of them, at least in vitro. Furthermore,
we have proven that HERC1, through its RLD1 domain, is
non-covalently bound to PI(4,5)P2 (Fig. 3A and B) and that
this phosphoinositide is required as a cofactor for HERC1s
activity as a GRF (Fig. 3C and D).
Since it has been established that Sec7 domain-containing
ARF-GEFs such as ARNO act by stimulating GDP dissocia-
tion on their targets without directly aﬀecting the rate of sub-
sequent GTP incorporation [29], we wondered how it is
possible that a protein that triggers GDP release from ARF6
does not at the same time stimulate its GTP uptake. In this re-
gard, it has been shown that a mammalian protein called
Mog1 is a GRF for the small GTPase Ran [30]. Mog1 induces
GDP dissociation from Ran but not GDP/GTP exchange and
these eﬀects have been explained as the result of the formation
of a stable complex between nucleotide-free Ran and Mog1.
The fact that Mog1 remains bound to Ran after the dissocia-
tion step has been accomplished would occlude Rans active
site and therefore prevent subsequent GTP binding. In the case
of HERC1, however, we have not been able to detect any sta-
ble interaction between HERC1 and ARF6 (data not shown).
For this reason, the most likely explanation for our data is that
HERC1 is more eﬃcient in releasing nucleotide from ARF6
active site than are ARF-GEFs such as ARNO. This higher
dissociation activity would preclude the accumulation of
GTP-bound ARF6 in our assays by very rapidly removing
the GTP once it has associated with ARF6. By contrast,
ARNO-induced dissociation would be slow enough to allow
a faster accumulation of ARF6 Æ GTP. Furthermore, thisexplanation would also account for the dominant eﬀect of
HERC1 over ARNO.
On the other hand, we have shown that HERC1s GRF activ-
ity depends on the presence of bound PI(4,5)P2 on its RLD1 do-
main. This is best demonstrated by the fact that RLD1 puriﬁed
from Escherichia coli, which does not contain phosphatidylino-
sitol or its derivatives [28], does not show GRF activity,
whereas PI(4,5)P2-containing RLD1 from insect cells is highly
active. What is more, addition of a small amount of PI(4,5)P2
(2 lM) to bacterially puriﬁed inactive RLD1 is enough to
reconstitute the latters GRF activity to values which are com-
parable to those seen with RLD1 puriﬁed from eukaryotic
sources (Fig. 3D). As a matter of fact, PI(4,5)P2 alone already
displays some GRF activity on ARF6 (Fig. 3C), in agreement
with what has previously been reported for other GTPases,
namely ARF1 and Cdc42 [26,27]. Nevertheless, the GRF activ-
ity of isolated PI(4,5)P2 on ARF6 is much lower than that ob-
served for either the RLD1 of HERC1 (Fig. 2B and C) or the
full HERC1 protein (Fig. 2E), therefore further indicating that
HERC1 and PI(4,5)P2 act synergistically in order to enhance
the reaction rate. These data, in conjunction with similar results
found for ARF1 and Rab5, suggest that HERC1 is a PI(4,5)P2-
dependent GRF for these proteins.
The mechanism whereby Sec7 domain-containing ARF-
GEFs catalyze the dissociation of GDP from ARF proteins
has been elucidated in considerable detail [29]. This involves
a glutamic acid residue in the GEF, known as the glutamic ﬁn-
ger, which during the reaction course is brought into close
proximity to the alpha- and beta-phosphate groups of ARF-
bound GDP. As a result of the repulsion forces thus generated,
GDP is displaced from ARFs active site. Based on this knowl-
edge, we envisage an analogous mechanism which we hypoth-
esize could account for HERC1-catalyzed GDP release from
ARFs. According to this model, the role fulﬁlled by the glu-
tamic ﬁnger of Sec7 domains would in the case of HERC1
be taken up by the RLD1-associated PI(4,5)P2. Thus, upon
binding of ARF to HERC1s RLD1, the former would under-
go a rotation which would bring together the phosphate
groups of both GDP and PI(4,5)P2, thereby triggering nucleo-
tide release.
PI(4,5)P2 has recently emerged as a crucial player in diverse
cellular activities such as membrane traﬃcking and cytoskele-
tal dynamics [31,32]. The cellular levels of this molecule are
controlled by the relative activities of two sets of enzymes,
namely phosphoinositide kinases and inositol phosphatases,
which are in charge of its synthesis and degradation, respec-
tively. One of the former enzymes, PI(4)P 5-kinase, has been
shown to be one of the major downstream targets of active
ARFs [2–5]. Therefore, according to current models, ARF
activation in speciﬁc membrane patches would lead to local-
ized PI(4,5)P2 production, which would in turn recruit
PI(4,5)P2-binding eﬀector complexes to these membrane loca-
tions. One important cellular process known to be regulated
in this manner is the formation of clathrin-coated vesicles
(CCVs). Here, PI(4,5)P2 acts in concert with ARF Æ GTP in or-
der to nucleate clathrin coat assembly at speciﬁc membrane
sites [33]. If one takes into account the results presented in this
paper as well as the previously reported interaction between
HERC1, clathrin and Hsp70, a chaperone involved in CCV
uncoating [9,34], it is very tempting to speculate about the pos-
sibility of HERC1 playing an important role in the dynamics
of CCVs. Nonetheless, future studies will be required in order
348 F.R. Garcia-Gonzalo et al. / FEBS Letters 579 (2005) 343–348to ascertain the validity of these hypotheses and understand
the function of HERC1 in these processes.
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